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A robust system for use of Quantum Computation using neutral atoms is presented in this communication. 
Tliis sclieme exploits a multilevel atomic system interacting with two lasers in such a way that it leads to 
formation of two Coherent Population Trap (CPT) states. The atomic population can be pumped alternatively 
between these two CPT states or any desired superposition of the two can also be formed. These two CPT states 
can then be mapped to two Qubits for Quantum Computation. Preparation of any desired state and formation 
of CNOT gates are explained below. A scheme for preparing 1-D lattice of mutually interacting spin systems, 
which mimic behaviour of magnetic spin systems is also shown. Atoms in CPT states do not interact with the 
lasers that prepare it and hence are free of perturbation. The states involved here are also made up of only ground 
states of bare atoms and hence are free of decoherence due to spontaneous emission. Thus, the configuration 
studied here is a good example of a very robust system. 

Quantum Computers solve certain class of problems with lesser number of computational steps than their classical counter- 
parts. This is achieved by exploiting the basic fact that Quantum systems can be prepared in superposition of their eigenstates 
OTIl. Therefore, a basic requirement to realize a quantum computer is the ability to prepare a system in a superposition state 
which is robust and reliable. Several different realizations such as NMR of large molecules, ions in ion traps and neutral atoms 
in optical lattices have been proposed and actually implemented, each with its own advantages and disadvantages. For instance, 
NMR systems tend to be bulky and require cooling upto 3 mK while ion trap systems have to be accounted for Stark shifts due 
to electric fields used for trapping. Neutral atom systems on the other hand suffer from their dependency on fluctuations in laser 
intensity, large decoherence rates and critical requirements on pulse shaping etc. One way to overcome these problems is to use 
Coherent Population Trap (CPT) states of neutral atoms. 

Coherent Population Trap sates (CPT) are special class of superposition of atomic states such that the transition probability of 
its constituent states to a common external state cancel each other. Thus, the atom can not make a transition to the external state 
through absorption of a photon and is hence trapped [2]. Sometimes they are also referred to as 'dark states' in the literature. 
CPT states are eigenstates of the total Hamiltonian which consists both atomic and interaction parts [^]. Thus, they are stationary 
solutions and hence will not evolve even when interaction is present. In this communication we examine a particular atomic 
configuration that exhibits two CPT states, both made of ground states. These two can be mapped to Qubits and 1 and one and 
two-Qubit operations can be performed upon them. A superposition of the two Qubits can also be prepared with any desired 
phase relations between them. It is shown that the methods of obtaining, manipulating and performing Qubit operations on 
this system is easy, robust and reliable. The required atomic configuration is readily available in atoms such as **^Rb and Na. 
Therefore this is a very feasible and robust method of doing Quantum Computation. 

I. THE CONFIGURATION 

The configuration involves two orthogonally polarized beams incident on **^Rb, both resonant with the transition between 
hyperfine levels \5Si/2,F = 1) and \5Pi/2^F = !)■ One of them is polarized along the axis of quantization and denoted = 
'E^exp[i{(Ot~k.x)]. This is refeiTed to as beam. The other beam, referred to as Ep beam, is denoted as Ep = T. pexp[i{o3t — k.z)]- 
This beam is a plane polarized beam in the xy plane and can effectively be decomposed into a pair of circularly polarized beams 
with opposite helicities a±. Both E^ and Ep beams can be derived from a single laser source by use of a halfwave plate and a 
polarizing beam splitter as shown in figure la. By rotating the HWP, the full intensity of the laser can be distributed between 
these two beams as desired. 

Following the selection rules involved with polarizations |4], these two beams couple transitions between the various Zeeman 
subleves as shown in figure lb. The levels labeled \go) , in and \g+) in the figure denote the Zeeman sublevels of the ground 
state \5Si/2,F = 1) with mp values 0,-1 and +1 respectively. Similarly the levels labeled |eo), |e_) and |e+) are those of 
the excited state |5Pi/2,^' = 1), with mF=0, — 1 and +1. E^ beam therefore couples transitions ^ |e_) which results in 
Amp — 0. Similarly, the o+ component of Ep couples |gj ^ |eo) and |^o) ^ |e+) while the a component couples |^o) ^ k-) 
and \g+) ^ \eo) transitions so that Amp — +1 and —1 respectively. The transition between |^o) ^ |eo) is not coupled by the E^ 
beam despite Amp — because the Clebsch - Gordon coefficients for this transition vanishes due to symmetry considerations. 

If only the Ep beam is present and E^ = 0, then the configuration is a classical A system formed by ^ |eo) ^ \g+). 
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FIG. 1: (a) Schematic of laser arrangement. HWP is halfwave plate, PBS is polarizing beam splitter and M are mirrors and Mg are magnets to 
provide the weak field. 



leaving the atomic population in the Coherent Population Trap (CPT) state = (1 /v^) [\g-) — \g+)] [2]. On the other hand, 
if only beam is present, the atoms in \g±) levels absorb this light and reach |eo) and subsequently decay to all three ground 
states. Those that decay into \g±) get pumped again to |eo) whereas those that reach |^o) get trapped in it. After a few cycles, all 
atoms are optically pumped to \go). In this way, the configuration exhibits two trap states |\|/o) = \go) with respect to beam 
and |\(/_) = (1 /\/2) [\g-) — \g+)] which can be obtained by the Ep beam. By switching between these two beams, the atom can 
be pumped out of one of these two states and prepared in the other Now these two states can be mapped onto two Qubit states 
l¥o) = |0) and |\(/_) The atom can be prepared in either of the two states are desired. 

An even more interesting situation occurs when both Ep and beams are simultaneously present. The steady state solution 
for the atom then is not a simple statistical mixture of the two trap states but a three-component CPT state, given by ^ 

(n,/a-)|g»)-|g-) + |g+) 

v/2 + |(£ip/no|2 

The above equation can be rewritten in the form 

IH') =sin(e/2)|vo)+exp(!^)cos(e/2)|v_), (2) 
where states |i|/o) and are as describes above and 

sin(e/2) = n,Vy'2|a,P + m,|2 
cos(e/2) = (V2n,)/y^2|a|2 + |np|2 

and 

This implies that a superposition of the two Qubit states can be prepared as 

|\|/) =sin(e/2)|0)+exp(!(|))cos(e/2)|l>, (3) 

by switching on both beams simultaneously. Further, any desired 9 value in the above superposition can be obtained by varying 
the ratio between the Rabi frequencies Q.p/ {^/iQ.^). If both beams are derived from a single source as shown in figure la, then 
the ratio is easily manipulated by rotating the Halfwave plate. This divides the intensity between Ep and £- beams in such a way 
that Q.p is zero when il, is maximum and vice versa and hence the angle 9 can be varied from to k/2. Since Rabi frequencies 
are normally complex quantities, a phase difference (|) can be obtained between them. 

The above scheme allows us to prepare the atom in two Qubit states |0) or |1) as well as any desired superposition state of 
the two, with certain distinct advantages, (i) Both these states as well as their superposition are CPT states. Therefore, once 
prepared, the states do not interact with the preparing laser, which eliminates a need for precise control of the ontime of the laser 
(ii) Decoherence due to spontaneous emission is eliminated since all these states are made up of only ground states, (iii) CPT 
preparation is always the endpoint of the process and therefore the CPT state will be reached even if there are small variations in 
the intensity and frequency of the lasers involved. The state preparation is therefore robust and certain, (iv) The state preparation 
involves only cw beams and does not require any complex pulse shaping schemes, (v) Since it does not involve single photon 
processes, lasers with nominally high intensity can be used. This would allow very precise control of phase (|) while allowing 
fluctuations in the intensity, (vi) Any desired superposition, denoting any Bloch vector can be prepared by simply varying the 
intensity ratio between two laser beams. Due to all of above, the configuration allows a robust and reliable preparation of two 
Qubit states and its superposition and also the method of state preparation is very easy. In the following sections, methods of 
performing single Qubit and two-Qubit operations are discussed. 
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II. QUANTUM COMPUTATIONAL WITH ABOVE QUBITS 
A. Single Qubit Operations 

The atom prepared in state |0) above can be flipped onto state 1 1) by simply switching switching on the Ep beam and switching 
to the £■,. beam will prepare flip the atom back to state |0). But this process involves spontaneous emission from states |eo,±) and 
hence is an incoherent process. This technique therefore is not a proper bit-flip operation. However a coherent bit-flip operation 
can still be operated using a process very similar to the STIRAP process as suggested by Gaubatz and coworkers tTJ. This 
process involves varying parameters of a CPT state, adiabatically slowly such that the atom is always in the CPT state, even as 
the state itself evolves from an initial state to the final state. In this case, the three component CPT state ^ is made to evolve 
between |\(/o) and by varying the angle 9. If this variation is achieved adiabatically slowly the atom is always in the state 
(|3]l. 6 can be varied by varying the ratio between the Rabi frequencies £2p/ (\/2iiz). This ratio can be varied by varying the 
amplitudes £^ and Ep. Since the Rabi frequencies are related to the amplitude £lp,, = d.Ep-/2. If the experimental setup is as 
suggested in figure la, rotation of the halfwaveplate ensures that the total intensity is redistributed between and Ep beams 
such that E- = when Ep is maximum (0 = it) and vice versa (0 = 0). For any other position of the halfwaveplate, the value of 
Ep and E, are appropriately distributed in such a way that < < 7t. By rotating the Halfwaveplate, the atom is flipped between 
the two bits coherently. 

B. Two Qubit operation; C-Pliase gate 

Two-Qubit operations can be obtained on this system in three different methods. All the three exploit a dipole-dipole interac- 
tion between two atoms in the CPT states, but between magnetic spins instead of electric dipoles, as described below. 

In presence of a static magnetic field Bs, the atomic spin vectors orient themselves such that the projection of the spin vector 
onto the magnetic field vector is equal to the magnitude of the magnetic quantum number mp. Therefore, the state |0), with is 
mp = orients perpendicular to this field and the state 1 1 ) orients along the field since its constituent components have mp = ± 1 . 

Further, these spin vectors precess about the magnetic field vector with a Larmor frequency coz, = YLlfiil, where yz, is the 
gyromagnetic ratio and \Bs\ the field strength. An additional oscillatory magnetic field Bf << Bs, at the frequency CO;, applied 
perpendicular to Bj wiU now cause an energy shift so that the atoms flip from one one mp state to another fllsll- If two such 
atoms are considered, then the energy of the atom-pair in presence of is as shown in figure 2a, with each spin flip transition 
separated by an energy /iCOi. However, if these atoms are brought sufficiently close together, there exists an interaction between 
two spin -dipoles of the nature Si .S2, which will result in an interaction potential ^ 



y = j5i%(3cos20,-l). (4) 

Here r is the normal distance between the two spin states and 0^ the angle between them, /jq is the permittivity of free space 
and the ratio fJo/4n is the scaling factor required to change from CGS to MKS units. This interaction causes a mixing of the 
pair states |01) and |10) and also causes a shift of the state |01) + |10) as shown in figure 2b. The oscillatory magnetic field 
oscillating at Larmor frequency will no longer be in resonance with the spin flip operation. This unequal shift is due to the fact 
that the angle 0^ between the two spins is if both atoms are in same state and is equal to k/2 if the two atoms are in different 
state. The shift is equal to 2Q. where Q. = (/Jo/(47t)) . (H/r^) which is the case when 0.v = k/2 in equation (|4]l. 

A controlled-phase operation can now be performed in a manner similar as suggested by Gavin Brennen and coworkers |fTT|]. 
except for using magnetic dipoles instead of electric dipoles. The two atoms are brought close and a short pulse of oscillating 
magnetic field of frequency co/, + 2Q. and a McCall-Hahn area of 2k is applied. The pulse will not have any effect if the atom 
pairs are in state |00) or in mixed state |01) — 1 10). If it is instead inJlO) + |01) then the pair gets pumped to state 1 11) and back, 
but this cyclic transformation brings about an additional phase K iflOll . When pulled apart, 1 10) would have acquired a K phase. 
If instead the state was akeady in |01) — 1 10), the phase factor is already present. 

The controlled phase gate can also be obtained here in the same manner as given by Igor Ryabstev and coworkers for Rydberg 
atoms 1 9]. In this method, the two atoms are brought closer. The dipole-dipole interaction causes a time dependent state that 
periodically moves from |01) and |10). 

\y\iMit))=cosiVddt/n)\10)^i sm{Vddt/n)\01). 

The state returns back to original state, but with an additional K phase after every period of T — {fiK)/Vdd- The phase gate 
therefore involves bringing the two atoms closer and hold it for a period T = {fiK)/Vdd and taking it apart, by which time, only 
the state |01) would have acquired a phase. 
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FIG. 2: Energy diagram of two-atom system, (a) without the spin dipole-dipole interaction and (b) Mixing and energy shift due to the dipole 
interaction. The state |10) — |01) is not coupled by radio frequency transition either to |00) or to The energy difference in case of 

non-interaction situation is equal toHaiL where CO/, is the Larmor frequency. See text for amount of shift in case of (b). 

Although both above methods are equally useful, they both suffer from a serious drawback. The phase shift happens with 
equal certainty whether the atoms are in state |01) or |10). In other words, the above protocols do not distinguish between 
control and logic Qubit atoms. One suggested workaround for this is to use two different atoms, both of which exhibit similar 
configurations. 

C. heterogeneous atoms 

Another atom that shows similar Zeeman sublevel structure as **^Rb is Sodium, with 3Si/2,F — 1 and 3Pi/2,F — 1 triplets. 
That ensures that all the state preparation and Qubit operations described above are valid for Sodium atoms as well. The 
behaviour of the Sodium atoms under above operations will be identical to that described above for **^Rb, except for a different 
Larmor frequency. 

The two-Qubit operation can now be adopted using '^^Rb and Sodium atoms together, with one of them as the logic Qubit and 
the other as the control Qubit. For the present, let Sodium be the control atom and **^Rb the logic atom, though the other way 
around is equally appropriate. Since their gyromagnetic ratios are different, the Larmor precession frequencies are also different 
and therefore, the spin flip resonances are coi and 0)2 respectively as shown in figure 3a. The dipole-dipole interaction between 
one Sodium and one ^^Rb atom will lead to energy shifts, but not a mixing, with the energy shifts being 

£2 = (A(o/47t)(yiy2/r^)(3cos2e,- 1), 

where yi and y2 are their respective gyromagnetic ratios. The shifted energy schematic is shown in figure 3b, where the gray 
lines show the original position of the energy level. 




(a) (b) 



FIG. 3: Energy diagram of two-atom system for two different atoms, (a) without the spin dipole-dipole interaction and (b) Energy shifts due 
to dipole interaction. Note that there is no mixing, dashed lines in (b) are position of unshifted energy levels. 

Since the transitions |01) ^ 1 11) and 1 10) ^ 1 1 1) transitions are shifted by different energies, it is easy to distinguish them and 
operate that 2k pulse which brings about the desired transition. In other words, if the first atom is the control and the second atom 
is the logic, then |10) |1 1) |10) operation can be obtained by using a pulse of the frequency a)i+nor|01)^|ll)^|01) 
transition can be obtained by using a pulse of the frequency 0)2 + Or a combination of the two pulses in a sequence can bring 
about a Raman transition 1 10) 1 1 1) |01) or vice versa, which is a controlled - swap operation. 

III. PRACTICAL CONSIDERATIONS 

A few practical considerations requires to be carefully taken into account to use this scheme effectively. Firstly, the state 
preparation is based on optical pumping and therefore some atoms may be lost to level |55i/2,^ — 2) during this process due to 
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spontaneous emission. A repumping laser which pumps these atoms back into the main cycle will be needed for this. However, 
the bit flip operation involves an adiabatic variation of the state of the system from \\\to) to without involving any of the 
excited states |eo, ±) ■ Therefore, this will not require a repump laser. 

Secondly, the magnetic spin dipole interactions that are required here for two Qubit operations are much weaker than the 
electric dipole interactions exploited in reference [ 1 1.1 or [9J. Therefore the shift in energies will also be smaller But the 
gyromagnetic ratios and hence the Larmor frequencies are typically a few hundred kHz per Gauss for alkali atoms. The shift 
due to dipole-dipole interaction will also be in this order of magnitude and precise measurement of such quantities are feasible. 
Further the shift is inversely proportional to the cube of the distance between the two atoms and hence can be increased by 
moving them closer. 

Thirdly, the method involves optical lattices which can be moved independently so that the atoms are brought closer and taken 
apart. Although this has been achieved in several laboratories, it is still bogged by technical difficulties. This is probably the 
biggest disadvantage of this scheme, especially when two different species of atoms such as Sodium and Rubidium have to be 
independently loaded onto two different lattices and then moved. 

IV. CONCLUSION 

It is shown that a ^^Rb atom interacting with two lasers that couple its F=l ^ F=l transition exhibits two trap states. These 
two trap states can be mapped onto two Qubits 1 1) and |0) and can be used for Quantum Computation. Both Qubit states are trap 
states and are made up of only ground states. A three component trap state, which is a coherent superposition of these two trap 
state is also feasible. This means that the Qubit state preparation is reliable, robust and free of decoherence due to spontaneous 
emissions. It is also shown that any desired Bloch vector can be prepared out of Qubit states and this is also a robust trap state. 
Two-Qubit operations such as controlled phase and controlled swap are shown feasible on this system. In short, a robust, reliable 
and easily available configuration is suggested for use in Quantum Computation. The next question that needs to be examined is 
the effect of one and two-Qubit operations on the superposition state Q, which will be addressed somewhere else. 
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